Processing of external information by mammalian cells often involves seemingly redundant isoforms of signaling molecules and transcription factors. Understanding the functional relevance of coexpressed isoforms that respond to the same signal and control a shared set of genes is still limited. Here we show, using imaging of individual living mammalian cells, that the closely related transcription factors NFAT1 and NFAT4 possess distinct nuclear localization dynamics in response to cell stimulation. NFAT4 shows a fast response, with rapid stochastic bursts of nuclear localization. Burst frequency grows with signal level, while response amplitude is fixed. In contrast, NFAT1 has a slow, continuous response, and its amplitude increases with signal level. These diverse dynamical features observed for single cells are translated into different impulse response strategies at the cell population level. We suggest that dynamic response diversity of seemingly redundant genes can provide cells with enhanced capabilities of temporal information processing.
INTRODUCTION
Many transcription factors and signaling molecules have several isoforms that are coexpressed. Evolutionary conservation of these redundancies suggests their beneficial contribution to cellular functions (Thomas, 1993; Nowak et al., 1997; Kafri et al., 2009) . Recent studies of protein dynamics in individual living cells revealed complex dynamic behaviors such as oscillations and nuclear localization bursts of transcription factors (Lahav et al., 2004; Loewer et al., 2010; Nelson et al., 2004; Tay et al., 2010; Cai et al., 2008) and signaling molecules (Shankaran et al., 2009 ). This variation in protein dynamics lead us to ask whether closely related isoforms may have diverged in their dynamic responses. Dynamic response diversity of similar isoforms may enhance temporal information processing capabilities of cells, thus providing an advantage for their coexistence and explaining their evolutionary stability.
We study this question using the NFAT family of transcription factors, which contains five closely related genes that are expressed in numerous mammalian tissues, mediating a wide variety of cellular and developmental processes (Crabtree and Olson, 2002; Mü ller and Rao, 2010; Mancini and Toker, 2009 ). NFAT1, NFAT2, and NFAT4 are expressed in many immune cell types and are crucial for their development, differentiation, and function (Macian, 2005) . Upon activation by external signals, an increase in intracellular calcium levels leads to activation of calcineurin phosphatase, which dephosphorylates NFAT, leading to its nuclear import and to expression of NFAT target genes ( Figure 1A ). Several kinases rephosphorylate NFAT including casein kinase I (CK1), glycogen synthase kinase 3 (GSK3), c-Jun N-terminal kinase 1 (JNK1), and p38, leading to its export back to the cytoplasm (reviewed in Macian, 2005) .
NFAT proteins display a high degree of functional redundancy both in their regulation and transcriptional targets (80% identity of the DNA binding domain between NFAT isoforms) (Vihma et al., 2008) . Indeed, many of the NFAT target genes, including pivotal regulators of immune responses such as IL-2 and IL-4, have been shown to be modulated by several coexpressed NFAT isoforms (Monticelli and Rao, 2002; Rao et al., 1997) . Additional evidence for redundancy comes from the comparison of immune phenotypes displayed by transgenic mice strains lacking one or more NFAT isoforms. While mice lacking one isoform suffer from relatively mild phenotypes, double knockout strains show severe unbalanced immune responses and defected homeostasis (Macian, 2005) . However, some isoform-specific properties were reported for NFAT proteins in immune cells and other cell types. These include tissue-specific expression patterns of different isoforms (Rao et al., 1997) , differential binding to specific promoters (potentially due to dissimilar interactions with coactivator proteins) (Monticelli et al., 2004) , differential activation of some target genes (Klein et al., 2006) , and differences in the regulation and persistence of nuclear import (Chow et al., 1997; Rinne et al., 2009 ). Yet, the detailed dynamics of nuclear localization 
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Here, we compared the nuclear localization dynamics of two coexpressed NFAT isoforms, NFAT1 and NFAT4, in mast cells using high temporal resolution live-cell imaging. We found that these closely related isoforms fundamentally differ in their dynamic response to the same signal. Based on these observations, we suggest that dynamic response diversity provides specific properties for seemingly redundant genes and endows cells with enhanced capabilities of information processing and temporal control of gene expression.
RESULTS

NFAT4 Shows Fast, Frequency-Modulated Nuclear Localization Bursts in Response to Elevation of Extracellular Calcium
To study NFAT nuclear localization dynamics, we followed GFP-tagged NFAT proteins using live-cell imaging of RBL-2H3 cells, a widely used model for mast cell research. Mast cells are activated by binding of antigens to IgE-bound Fcε-receptors expressed on their plasma membrane (Abramson and Pecht, 2007) . NFAT activation by Fcε-receptor-induced signaling mediates expression of many target genes involved in allergy and inflammatory responses (Galli et al., 2008) . We generated RBL-2H3 stable cell lines, expressing GFP-fused NFAT1 or NFAT4, together with a nuclear localization signal (NLS)-tagged mCherry red fluorescence protein as a nuclear marker, facilitating automated image analysis. We tracked NFAT localization dynamically in response to various stimulations at a temporal resolution of 1 min using time-lapse microscopy. Custom image analysis software (Figures S1E, S1F, and S2A) allowed us to generate hundreds of single-cell time traces of NFAT nuclear localization in each condition, enabling accurate statistical characterization of the responses even under conditions that result in high variation between cells.
First, we followed NFAT nuclear localization dynamics in response to extracellular calcium stress. Immunofluorescence staining of endogenous NFAT1 and NFAT4 proteins showed that NFAT1 does not translocate to the nucleus following calcium stress, whereas NFAT4 does, but only in a fraction of cells (Figures 1B and 1C) . Similar results were obtained with the NFAT-GFP fusion proteins ( Figures 1B and 1C ). The fraction of cells showing nuclear NFAT4 is highly similar for both endogenous and recombinant proteins at different time points following activation (Figures S1C and S1D), indicating that the fusion protein faithfully reflects the response of the endogenous protein, despite their different expression levels ( Figure S1B ). The GFP fusion, however, allows for a detailed investigation of the response dynamics using live-cell imaging, which is not possible with immunofluorescence. Using this approach, we revealed a surprising dynamic response of NFAT4: upon calcium addition, NFAT4 displayed a series of brief (about 10 min long) and stochastic nuclear localization bursts ( Figures 1D-1F , Movie S1). These bursts were unsynchronized between cells and persisted throughout the course of the movie (up to 12 hr). Conversely, we did not observe nuclear localization of NFAT1 at any time point following stimulation by extracellular calcium ( Figure 1G ).
We further examined the dependence of NFAT4 nuclear localization dynamics on calcium levels. We found that signal intensity (calcium concentration) modulates the frequency, but not the duration or the amplitude, of NFAT4 nuclear localization bursts ( Figures 1E, 1F , and 1H, Figure S1G ). As mentioned above, not all cells respond to this signal (Movie S1); measuring the response at different calcium levels revealed that the fraction of responding cells increased with calcium concentration ( Figure 1I ). Thus, an overall increase in NFAT4 activity is achieved by increasing both the fraction of activated cells and the frequency of nuclear localization bursts, rather than by a homogenous graded response of all cells in the population. We note that these unsynchronized bursts observed for NFAT4 nuclear localization may provide a mechanism driving stochastic bursts of gene expression (Cai et al., 2006; Raj and van Oudenaarden, 2009 ).
Dynamic Response Diversity of NFAT1 and NFAT4
Following IgE-Mediated Activation of Mast Cells Next, we characterized NFAT dynamics following an immune stimulus, subjecting RBL-2H3 cells to IgE-mediated activation. We used antigen doses spanning three orders of magnitude (0.1-100 ng/ml), covering the high dynamic range of NFAT activation in these cells ( Figure S2B ; Grodzki et al., 2009) . Similarly to NFAT4 dynamics following calcium stimulation, individual cells displayed a series of brief NFAT4 nuclear localization bursts in response to IgE-mediated activation with low antigen concentrations (Figure 2B , left; Movie S2). However, despite the constant presence of the antigen in the growth media, NFAT4 bursts stopped within 1-2 hr postactivation, and NFAT4 returned to its cytoplasmic basal state. Activation with high antigen doses resulted in prolonged continuous nuclear localization of NFAT4, lasting 2-3 hr, followed by a few short and unsynchronized nuclear localization bursts (Figure 2B , right; Movie S3). In contrast to this behavior, NFAT1 showed a slow and continuous response to both low and high antigen doses. NFAT1 response ceased after 2-3 hr, showing no oscillations or bursts (Figure 2A ; Movie S4).
Characterization of response parameters highlights the differences in the dynamic behavior of the two isoforms. For each single-cell trace we define the response amplitude, response duration, and response time (defined as the time after activation by which the response reaches 20% of its maximal amplitude; see Figure S2A for definitions of these quantities). First, we compared population average responses. The average magnitude of NFAT1 nuclear localization gradually increases with antigen dose, saturating at high levels, while that of NFAT4 remains almost constant over all measured doses ( Figures 2C-2E ). In contrast, the average response duration of both isoforms increases with antigen dose in a similar way ( Figure 2H ), from 60 min at the lowest dose checked (0.1 ng/ml) to 120 min at the highest doses (>30 ng/ml).
Single-cell traces reveal markedly different characteristics in the response time between the two isoforms. NFAT1 response time remains constant at around 3-4 min over all antigen doses measured, and cells are relatively well synchronized ( Figure 2F ). NFAT4, on the other hand, shows a highly synchronized and fast (1 min) response at high antigen doses but an unsynchronized response at low doses ( Figure 2G) , with some cells responding within a few minutes, while a fraction of cells respond with large delays of up to 40 min. The unsynchronized response of NFAT4 at low antigen levels results in a slow population-averaged response, but the rate of nuclear import of individual cells is still as fast as in high doses ( Figure 2B ). We note that virtually all cells show nuclear import of NFAT4 following low antigen signal, even if delayed by 30-40 min, in contrast to the fractional response to low signal observed with extracellular calcium.
The faster response of NFAT4 is revealed also through autocorrelation analysis ( Figure 2I ). We find that NFAT1 autocorrelation can be fitted by a single exponential decay curve, with a decay time of 47 min. Autocorrelation of NFAT4 is better fit by a sum of two exponentials, with a fast component of 1.5 min and a slow component of 55 min. We interpret the fast component as describing the fast nuclear localization bursts of NFAT4 (either isolated or clustered), while the slow component describes the overall response duration (which is similar for both isoforms). These differences in the dynamic response of NFAT1 and NFAT4 are also evident from measurements performed using staining of endogenous proteins at different time points following activation ( Figures 3C-3E) , showing that they do not result from overexpression of NFAT-GFP.
Different Impulse Responses of the Two Isoforms: A Slow, Integral, and Homogenous Response of NFAT1; a Fast, Proportional, and Heterogeneous Response of NFAT4 Investigating the impulse response of NFAT better mimics the dynamically changing environments in which cells reside. This is true in particular for immune cells that move between and within organs and are thus exposed to dynamically varying signals from interacting cells. Based on the large differences in response time and in cell-to-cell synchronization of the two isoforms, we reasoned that they may respond differently to a pulse-like signal. Thus, we exposed cells to pulses of antigen stimulation of various durations (2-30 min) and monitored nuclear localization at a high temporal resolution of 10 s (Figure 3A) . We find that NFAT1 shows an integral response, namely the magnitude of its nuclear localization grows with both pulse duration and signal intensity. In contrast, NFAT4 shows a proportional response, namely the magnitude of its response is the same for pulses of 5 min or longer.
Single-cell analysis shows that the two isoforms employ a different strategy for modulating response as a function of pulse duration. The impulse response of NFAT4 at low antigen dose (0.78 ng/ml) is heterogeneous and ''all-or-none''-some cells show a full response, while others are nonresponsive. The fraction of responding cells grows from 10% of the cells responding to a 2 min pulse, up to 65% responding to a 30 min pulse ( Figure 3B ). This can be explained by the unsynchronized response of the cells at low signal levels ( Figure 2G ), which allows for gradual accumulation of responding cells as a larger fraction of cells has a chance to respond during longer stimuli. At a high antigen dose (50 ng/ml), almost all cells respond even to a short 2 min pulse. Their response amplitude is similar to that of cells responding to the lower antigen dose. The impulse response of NFAT1, on the other hand, is homogenous. All cells in the population respond at all antigen doses and pulse durations checked ( Figure 3B ), but their response amplitude grows with signal level and duration, as noted above.
Finally, the two isoforms also considerably differ in their impulse response rates. NFAT1 has a relatively slow average nuclear import rate of 5 min, and its export after signal termination is much slower, at a rate of 32 min (Figures S3H-S3L ). NFAT4 is 5-10 times faster than NFAT1, with average nuclear import and export rates of 60 s and 3 min, respectively ( Figures S3H-S3L ).
DISCUSSION
Cells are exposed to dynamically varying signals from their environment, which temporally change at different time scales. As an example, in vivo imaging shows that interactions between T cells and dendritic cells can span a large range of time scales, from short encounters lasting a few minutes up to more than 10 hr in the case of immune synapse formation (Mempel et al., 2004) . Calcium signaling following T cell activation is observed even for short encounters (Gunzer et al., 2000) . Moreover, T cells may integrate a number of short encounters to achieve a higher level of activation, as suggested by the ''serial encounter'' model (Friedl and Gunzer, 2001; Celli et al., 2005) . Thus, cells need to extract information out of temporally varying signals, using signaling networks for temporal information processing (Behar and Hoffmann, 2010; Bennett et al., 2008; Mettetal et al., 2008) .
We used high temporal resolution live-cell imaging of thousands of individual immune cells to characterize the dynamic properties of two seemingly redundant genes, NFAT1 and NFAT4. Our results provide an indication of a mammalian transcription factor, NFAT4, which encodes extracellular information into a series of fast, stochastic, and frequency-modulated (FM) bursts of nuclear localization. Similar dynamics were previously described for the yeast transcription factor Crz1, which like NFAT is translocated into the nucleus following dephosphorlyation by calcineurin (Cai et al., 2008) . In response to elevation in extracellular calcium levels, Crz1 displays stochastic unsynchronized bursts of nuclear localization, whose frequency, but not amplitude or duration, increased with increasing levels of calcium. The remarkable similarity in the dynamic response of the two proteins, despite their relatively low sequence conservation (15% identity of Crz1 and NFAT family proteins), suggests an evolutionary conservation of dynamics in this pathway from yeast to mammals. FM nuclear localization bursts were shown to coordinate gene expression in yeast, ensuring proportional expression of multiple target genes independent of promoter architecture (Cai et al., 2008) . The discovery that similar dynamic features underlie NFAT4 activity raises the intriguing possibility that a similar principle of gene regulation is also applied in mammalian cells.
We note that the stochastic nature of NFAT4 dynamics discriminates them from the sustained periodic oscillations previously reported for ERK protein kinase (Shankaran et al., 2009) . Also, NFAT4 dynamics fundamentally differ from the oscillatory behavior of NF-kB and p53 transcription factors (Lahav et al., 2004; Nelson et al., 2004) , both in the time scale (a few minutes versus a few hours per cycle) and underlying mechanism (posttranslational protein modification versus de novo protein synthesis and degradation). However, NFAT and NF-kB can be driven by the same immune signals (e.g., TCR signaling in T cells or FcεR activation in mast cells) and control the expression of a shared set of target genes. This combination of transcription factors that possess pulsatile dynamic behaviors at different time scales might have broad implications on the resulting temporal pattern of the regulation of shared target genes, particularly in response to dynamically varying signals.
Our findings imply the existence of an unknown isoformspecific regulatory network modulating NFAT protein activity. We hypothesize that such specificity might result from differential interactions of NFAT isoforms with calcineurin or with the related kinases. Indeed, we show that response of both isoforms requires calcineurin activity; inhibition of calcineurin activity after signal application induces nuclear export of both isoforms even if signal persists, but at a different rate (Supplemental Discussion and Figures S3E-S3G) . However, we could not detect a significant difference in NFAT1/NFAT4 response following inhibition of GSK3, JNK, or CK1 kinases (Supplemental Discussion). Further studies are required to uncover the molecular mechanisms underlying such isoform-specific regulation. Combining isoforms with diverse dynamic responses in parallel in the same signalling pathway can combinatorially increase its temporal information processing capabilities. Genes that are preferentially controlled by one isoform or the other will have different dynamic responses, and genes that are controlled by both isoforms can have yet another type of dynamic response to the same stimulus. To illustrate this, we depict in Figure 4 the dynamic response of genes that are controlled by a pathway that contains two isoforms that have dynamic responses similar to those we observed for NFAT1 and NFAT4. We show the schematic response of a gene that is controlled by either one isoform or the other, or by both of them, in response to various signal dynamics. In the case of a gene that is controlled by both isoforms (Figure 4 , bottom center), NFAT4 will facilitate gene expression in response to a short pulse, even though NFAT1 is not responsive. On the other hand, short gaps or noise in signal will be filtered out by NFAT1 slow decay, whereas regulation by NFAT4 alone would result in a fluctuating response. This kind of asymmetric dynamic response would not be possible by either NFAT1 or NFAT4 alone. A similar asymmetric response can be achieved by the sign-sensitive delay generated by an incoherent feed-forward loop (IFFL) of transcription factors (Mangan and Alon, 2003) , but at significantly slower time scales (transcription takes tens of minutes in the case of IFFL, but localization changes take only tens of seconds to minutes in the case of NFAT). The dynamic response of NFAT target genes will depend on additional factors including mRNA lifetime, stability of complexes of NFAT with partner transcription factors on DNA, and potential differences in the interactions of NFAT isoforms with various binding partners (Hermann-Kleiter and Baier, 2010) .
The strategy used by NFAT is analogous to an engineering control known as proportional-integral-differential (PID) controllers. These controllers are widely used, allowing for optimized responses to temporally varying signals by adding the outputs of three parallel channels, each with a different temporal response (Å strö m and Hä gglund, 2001 ). Thus, cells may employ a PID strategy by combining responses of signaling molecules that function in parallel in the same signaling pathway and have different dynamic properties, like the integral response of In this schematic figure, input signal (top) represents four potential dynamic cases: a transient pulse (i), a step-like increase (ii), a short gap in signal (iii), and a noisy signal (iv). Middle: nuclear localization of NFAT1 (integral) and NFAT4 (proportional) in response to the signal. Bottom: expression level of a target gene for three cases. Bottom left, regulation only by NFAT1; bottom center, regulation by both isoforms; bottom right, regulation only by NFAT4. The range of possible dynamic responses is larger than that possible by each isoform alone. Combination of NFAT1 and NFAT4 dynamics can enable an asymmetric cellular response, which is sensitive and fast on the one hand, but can filter out signal gaps and noise on the other hand.
NFAT1 and the proportional response of NFAT4. Hence, dynamic diversity in the responses may explain the evolutionary conservation of multiple coexpressed isoforms, as it can allow for enhanced temporal information processing capabilities that cannot be achieved by each isoform alone.
EXPERIMENTAL PROCEDURES
Cloning and Generation of Stable Cell Lines cDNA of mouse NFAT1 and NFAT4 (Open Biosystems) were cloned downstream of EGFP sequence (Clontech) on a pCMV-IRES-Puro plasmid and electroporated to RBL-2H3 cells using Ingenio electroporation solution (Mirus). Positive clones were selected and electroporated with the mCherry-3 3 NLS nuclear marker plasmid, followed by isolation and expansion of double-positive clones. For a full description, see the Supplemental Experimental Procedures.
Time-Lapse Microscopy
Time-lapse movies were obtained at 403 magnification with a time resolution of 1 min or 10 s and filmed for 3.5-12 hr (as indicated). For a full description, see the Supplemental Experimental Procedures.
Cell Growth and Stimulation under the Microscope
Cells were grown and visualized in 96-well optical bottom plates (Nunc) and supplemented with transparent Dulbecco's modified Eagle's medium (DMEM; Biological Industries). In the calcium experiments, CaCl 2 was added to the cells a few minutes after starting the movie. For IgE-mediated activation, cells were preincubated with anti-DNP monoclonal IgE antibodies. Cells were then washed, and DNP11-BSA antigen was added. In pulse experiments, Nε-DNP-L-lysine was added to terminate cell activation. For a full description, see the Supplemental Experimental Procedures.
Image Analysis of Time-Lapse Movies
Automated computerized image analysis of time-lapse movies was performed by custom written MATLAB software (MathWorks), and single-cell traces of NFAT nuclear localization were acquired for hundreds of cells in each experiment. The main modules in the software included background normalization, cell segmentation, cell tracking, and measurements of both red and green fluorescence intensity in the cell's nucleus and cytoplasm. For a full description, see the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, Supplemental Discussion, Supplemental Experimental Procedures, and four movies and can be found with this article online at http://dx.doi.org/10.1016/j.molcel.2012.11.003.
